Forces are generated and resisted across many magni tudes and length scales in biology, from a subcellu lar level, such as by actomyosin motors, to an organismal level, for example, in response to gravity. Similar to intrinsic and extrinsic biochemical factors, mechanical cues resulting from both intracellularly generated and externally applied forces have broad effects on stem cell function. Mechanical interactions mediated by adhesion to the extracellular matrix (ECM) and cellcell junctions play a key part in transmitting forces, to and between cells, that regulate intracellular signalling pathways (FIG. 1) .
and decoupled from others to understand how each cue affects stem cells.
Understanding how mechanical forces regulate stem cell behaviour provides key insights into the under standing of developmental biology and is important for the development of regenerative therapies. In this Review, we provide an overview of the types of mechan ical cues that affect stem cells and of biomaterialbased systems that can be used to control and manipulate these cues. We focus on how different types of force regulate stem cell behaviours in early development and organo genesis, control stem cell fate (including dif ferentiation and selfrenewal) and can be exploited to promote regeneration.
Mechanical cues guide development
The growth, differentiation and morphogenesis of a developing embryo is dependent on intrinsic and extrinsic mechanical forces that drive the assembly of cells and promote growth into higherorder structures (Supplementary information S1 (table)) 1 . Cell-cell adhesion transmits tensile forces, and, as embryonic development progresses, cells become mechanically coupled to matrix proteins in tissues by adhesion mol ecules (FIG. 2a) . This coupling helps to drive morpho genesis and maintain the position and fate of stem cells in their niche. This mechanical coupling enables storage of information over time. For example, changes in ECM induced by cells early in development can mechani cally trigger changes in interacting cells at a later stage. Moreover, during morphogenesis, mechanical cues can be propagated over long distances more rapidly than biochemical cues (for example, the transmission of forces in highly elastic substrates such as elastin is almost instantaneous).
Intrinsic and extrinsic forces guide early embryo development. Before implantation, selforganization of the embryo and specification of the germ layers into a blastocyst rely on contractile mechanical cues 2 . Tensions are relieved as the embryo transitions from a spheri cal to an elongated body form 3 , and as an intercalated pattern of cell-cell epithelial junctions is generated 4 .
Figure 1 | Stem cells exert forces and are subject to external forces, which regulate their intracellular signalling pathways. a | Intrinsic, or cell-generated, forces (F i ) are generated intracellularly and transferred to other cells through cell-cell junctions, such as cadherin receptors, or via traction on extracellular matrix (ECM) adhesion ligands that are bound to integrin receptors. Cells are directly coupled by cell-cell junctions, which link the intrinsic forces of one cell to the cytoskeleton of another. Indirect mechanical coupling between cells occurs by intrinsic forces exerted on the ECM, to which two or more cells are adhered. Physical properties, for example, the elastic modulus, E, of the ECM, govern how mechanical cues are transduced. Extrinsic forces (F e ) are externally applied by shear or tension and/or compression on cells, and they can be sensed by mechanically gated ion channels, changes in receptor-ligand binding, deformation of the cytoskeleton and the primary cilium. The cytoskeleton generates and transfers forces from membrane proteins to intracellular structures, such as the nucleus. b | ECM and intracellular pathways are biochemically coupled by mechanotransduction pathways. Matrix mechanical resistance to intrinsic forces regulates the stability of focal adhesion complexes that contain focal adhesion kinase (FAK), which phosphorylates and activates mechanoresponsive signalling elements, such as MAPK and transforming protein RHOA. RHOA regulates mechanical feedback by activating RHO-associated protein kinase 1 (ROCK), which phosphorylates myosin light chain (MLC) to generate actomyosin forces. For example, RHOA phosphorylates ROCK, which activates non-muscle myosin II contractility by phosphorylation of MLC. This increased contractility stimulates nuclear translocation of transcription regulators, such as megakaryocytic acute leukaemia (MAL; also known as MRTF-A and MKL1; a G-actin-binding co-activator of serum response factor (SRF)) 88, 89 , Yes-associated protein (YAP), transcriptional co-activator with PDZ-binding motif (TAZ) 90 as well as WNT effector β-catenin, thereby eliciting cellular mechanoresponses. For example, mechanics-dependent, SRF-MAL driven expression of the microRNA miR-21 regulates fibrogenic behaviour. Mechanical cues collaborate with chemical signals. For example, in addition to mechanical signals, activation and nuclear translocation of YAP, TAZ and β-catenin is induced by WNT 159 . Mechanical forces are also physically directly coupled to the nucleus via nuclear lamina proteins, such as lamin A (LMNA), which can affect chromatin structure and epigenetic regulation of transcription. RGD, arginine-glycine-aspartate.
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Shear 
Dorsal closure
Closure of a dorsal epidermal opening that is initially formed naturally during embryonic development of Drosophila melanogaster; this process has similarities to wound healing in mammals.
Cortical tension
A type of cytoskeletal tension caused by actomyosingenerated forces; it contributes to cell shape and mechanical properties.
The presence of intrinsic cellgenerated forces in devel opment was demonstrated by observing the deforma tion of embryonic tissues following their macroscale dissection at different stages of morphogenesis 5 , as well as by nanodissection of the actomyosin network at apical cell junctions. The latter showed that anisotropy of intrinsic forces is sufficient to promote elongation of embryonic epithelia 6 . Intrinsic mechanical tensile and compressive forces that regulate multiple aspects of embryonic morphogene sis are generated by nonmuscle myosin II in actomyo sin complexes 6 . For example, actomyosin forces promote the establishment of an anterior-posterior (A-P) axis of development by promoting asymmetric spindle position ing 7, 8 (FIG. 2b) and the remodelling of intercalated epithelial junctions 4 (FIG. 2c) . Axis elongation depends on tension generated by multicellular cables of actomyo sin 9 with both elastic and viscous mechanical behaviour
, as demonstrated by laser severing 10 . A catchbond mechanism, in which tensile forces promote the stabilization of cadherin-catenin complexes bound to actin filaments, demonstrates how these cell-cell receptor interactions communicate biochemical signals through mechanical forces 11 . These forces also control gastrulation by regulating epithelial invagination [12] [13] [14] and control progenitor cell sorting within the germ layers 15 , as well as dorsal closure 16 . Intrinsic forces in embryonic tissues can also be observed when embryonic stem (ES) cells are dissociated, as they also display cortical tension generated by actomyosin contractility. This is required to reduce apoptosis, but inhibition of RHO-associated protein kinase (ROCK) relieves this dependence 17 . In addition to being subjected to intrinsic mechani cal forces, the embryo receives external mechanical input from the fluid surrounding its intercalated cell layers, and this input induces patterning. Fluid shear forces during early development regulate left-right body asymmetry by signalling through primary cilium and by generating morphogen gradients 18, 19 . The morphogens sonic hedge hog (SHH) and retinoic acid are secreted in 'nodal vesicu lar parcels' in a fibroblast growth factor (FGF)dependent manner and are transported to the left by the nodal flow 19 . However, important questions about the mech anobiology of embryonic morphogenesis remain largely unaddressed, such as how mechanical forces interact with genetic and epigenetic changes, which could inform approaches to manipulating intrinsic forces by control of transcription, and how robust pattern formation results even in the face of natural variations in the magnitude and duration of intrinsic and extrinsic forces.
Cell-ECM interactions guide later stages of develop ment.
Early in development, cell-cell contacts predomin ate, but as development progresses, progenitor cells differentiate and begin to deposit ECM, to which they adhere 20 (FIG. 2a) . The number of collagen fibrils and fibre length steadily increase in embryonic develop ment, whereas collagen content remains stable in postnatal growth 21 . Cellintrinsic forces are transmitted to matrix pro teins such as fibronectin by integrin cell surface recep tors, which can form focal complexes that generate forces of 1-3 nN μm -2 (REF. 22 ). Increased integrin expression in tissues may alter how cells respond to ECM stiffness, in part by stabilizing matrix-integrin interactions 23 . Thus, as the matrix content of tissues increases during development, there is increased coupling between ECM mechanical properties and intrinsic mechanical forces, one aspect of mechanosensing.
Cell-ECM interactions enable biological systems to contextualize stimuli because cells respond differ ently to the same mechanical stimulus depending on their micromechanical or biochemical environment. In embryonic avian skin, mechanical and biochemical factors are coupled to the positioning and patterning of hair follicles. Mechanical resistance to dermal cell con traction activates βcatenin, which drives downstream follicular gene expression programmes, including bone morphogenic protein 2 (BMP2) 24 . Furthermore, mechanics direct multiscale developmental processes by connecting macroscale physical inputs with nano scale molecular signals through chemical cues 25 . For example, force transmission through specific receptors enables generic mechanical signals to be transduced into specific cell responses based on the type of integrin
Box 1 | Introduction to mechanical terms and concepts
Various concepts and terms are used to describe and quantify the types and magnitudes of mechanical properties and the relationship between forces and deformations.
Stress is an indication of the magnitude of force applied to an object, normalized to the area over which the force is applied. Stress is calculated by using force/area, σ = F/A and is typically reported in Newtons per square metre or in pascals.
Strain is a measure of the deformation resulting from an applied force, as indicated by the normalized change in the length of the object. Strain (ε) = current length/initial length − 1 = Δl/l 0 − 1 and is typically reported as a dimensionless fraction or percentage.
The relationship between the force and deformation, or stress and strain, in a system is dependent on the properties of the material that transfers the stress or strain (for example, the matrix to which cells apply tractional forces). If a material effectively stores energy during the transfer, the material is termed elastic. In linearly elastic materials, there is a linear relationship between stress and strain, and energy (for example, forces) applied to the material is stored (for instance, deformations induced by cells protruding into an elastic material will be stored in the material and will 'push' back against the cell). Rubbers and covalently crosslinked hydrogels are typically considered to be elastic, and their rigidity or stiffness is determined by the modulus (for example, elastic modulus or shear modulus), which is closely related to the density of crosslinks between the polymer chains composing the network. The elasticity, or Young's modulus, of an elastic material, can be approximated in linearly elastic solids by the slope of the stress-strain curve at small strains (typically 1-5%).
Many tissues, cells and extracellular matrices combine mechanical properties of solids and liquids, and are termed viscoelastic. They behave as elastic solids and as viscous fluids simultaneously. Viscous fluids demonstrate flow, or permanent deformation, in response to applied forces and are described by their viscosity, which relates the rate and extent of flow to an applied force. Viscoelastic materials will exhibit stress relaxation (decrease in the stress required over time to maintain a constant level of strain) and creep (increase in strain over time in response to a constant stress). Viscoelastic materials can dissipate applied loads via their permanent deformation, allowing cells to remodel viscoelastic matrices even in the absence of degradation, and without a build-up in the material of forces that 'push' back on the cell.
The term stiffness is typically used in mechanobiology as a metric of the rigidity of a matrix as sensed by cells via application of cell-generated forces. A stiffer matrix will require higher forces to deform the network, whereas a softer matrix can be deformed by lower forces. The stiffness of matrices is often determined under the assumption of linear elastic behaviour, making it synonymous with elasticity.
Box 2 | Mechanical properties of tissues, organs and matrices
Elastic and viscoelastic properties of tissues, cells and matrices are typically measured by mechanical tests in which a known and defined stress or strain is applied to a sample while the other is measured. Methods of rheology, the study of flow and deformation of matter, are used to characterize both the elastic (Gʹ, storage modulus) and viscous (Gʹʹ, loss modulus) behaviour of viscoelastic materials by dynamically controlling the rate and amount of strain or stress while measuring the other. Bulk compression or tension measurement is used to measure the elastic modulus (E; Young's modulus), which relates to the density of crosslinks in a hydrogel, by applying a uniaxial strain and measuring the stress. These uniaxial compression measurements or shear compression measurements can also be used to measure the stress relaxation or creep of a material, which measures the time-dependent changes in stress or strain resulting from the application of a constant level of strain or stress. Methods such as atomic force microscopy, nano-indentation, optical tweezers, force traction microscopy and micro-aspiration probe the stiffness at the nano-scale and micro-scale, which enables the mapping of mechanical topographies or gradients in materials. Representative mechanical properties of a selection of natural tissues and synthetic matrices are shown in the tables. receptor expressed in the cells or type of ligand present in the ECM. Logically, mechanical transduction needs to be carefully controlled to maintain homeostasis, because mechanical stimuli are often not specific. Moreover, the ECM provides a mechanical rheostat for cells in four dimensions -time and space -because the matrix can dissipate elastic energy and change over time by stiffening, degradation and matrix deposition.
Tissue
Mechanical forces regulate cell fate decisions during organogenesis as progenitor cells are directed to diverse specialized functions in fetal organs. The process of germband extension generates mechanical forces that promote differentiation of the stomodeum and midgut tissues by inducing the expression of TWIST, which is one of the earliestexpressed embryonic pattern ing genes 26 . Tensile forces, arising from stretching of bronchial epithelium during intrauterine breathing, support development of smooth muscle in the lung 27 . Shear forces generated by maternal blood flow promote fetal haematopoiesis and the morphogenesis of cardiac tissues [28] [29] [30] and signal to epithelia in the developing kidney via the primary cilia, which require the pro teins polycystin 1 and polycystin 2 to promote kidney morphogenesis 31 . In limb development, stress, strain, hydrostatic pressure and fluid flow precede regional ossification and subsequent bone collar formation 32 . The underlying molecular mech anisms are the sub ject of current studies. These examples highlight how organ development is affected by the physical nature of the microenvironment. Research aiming to recapitulate these developmental processes from stem cells in vitro will require sophisticated systems in which forces can be tightly controlled.
Complex patterning depends on cell-ECM inter actions.
Biochemical cues initiate morphogenesis, but the forma tion of cell layers that become organized into defined structures in organs requires physical traction forces on the ECM, the physical properties of which provide a template for organ growth. The concerted action of biochemical signals, cellintrinsic forces and cell-ECM interactions results in highly organized patterns of development, such as fractal patterns observed in branching morphogenesis 33 . In submandibular salivary gland branching morpho genesis, focal adhesions bound to fibronectin promote assembly of fibronectin at the branching cleft through actomyosin contractility 34 (FIG. 2d) . Traction forces are required for branching, which suggests that the rigidity of the matrix alters branching by changing actomyosin contractility, but it remains to be directly determined whether matrix mechanical properties can indeed modulate branching in salivary glands.
The study of mechanobiology is complex because of mechanical stimuli that affect multiple aspects of cell behaviour, including intrinsic forces, membrane cur vature, growth factor signalling pathways and cell fate. The physical properties of ECM regulate mammary gland morphogenesis in vitro by affecting cell fate. A 2D system demonstrated that ECM substrates must be soft and contain laminin to maintain the expres sion of mammary epithelial differentiation markers, whereas stiffening of the substrate or loss of laminin resulted in reduced expression 35 . During endothelial sprouting, increased ECM stiffness and actomyosin contractility can reduce branching because they affect membrane curvature 36 . Increased actomyosin contrac tility in a stiffer environment maintains lower mem brane curvature, which impairs cellscale branching . c | Cell-cell intrinsic forces in early development modify the pattern of embryonic epithelial adhesion and intercalation, which results in elongation of the anterior-posterior (A-P) axis 4 . d | During epithelial branching, shown as morphogenesis of the fetal submandibular salivary gland, cells exert intrinsic actomyosin contractility and traction forces on the ECM, which assembles at the cleft region and promotes cell proliferation (blue arrows) in the budding region 33 . ECM contains domains of heparan sulfate (HS) that bind fibroblast growth factor (FGF) to promote epithelial bud elongation by differentially increasing the local concentration of FGF 160 . Thus, concerted biochemical and mechanical cues work together to generate proper organ form. 
Traction forces
Forces on extracellular matrix or other cells generated by receptor binding and actomyosin contractility.
Fractal patterns
Highly branched geometric patterns that are formed from repeated symmetrical branching, often across multiple length scales.
Submandibular salivary gland
One of the major salivary glands, it features a branched ductal structure that opens into the oral cavity, with secretory end pieces called acini that produce saliva by secretion of water, salts, proteins and other macromolecules.
Focal adhesions
Large and dynamic protein complexes of matrix receptors, actin cytoskeleton and other cytoskeletal and signalling molecules that link the cytoskeleton to the extracellular matrix.
of the endothelial cells 37 . It was also shown that matrix stiffness affects biochemical signals during angiogene sis by upregulating expression of vascular endothelial growth factor receptor 2 (VEGFR2) 38 . Future work should examine the interaction between various effects of altered mechanics. In addition to solidlike proper ties such as stiffness and composition, further work is required to examine the effects of timedependent proper ties of ECM mechanics on organ morpho genesis, such as stress relaxation, degradation and plasticity. Native embryonic tissues exhibit fluidlike visco elastic properties, which probably have a role in cell organization and ECM assembly and thus may affect mechanosensing and biochemical pathways.
Throughout embryonic and fetal development, phys ical interactions within the stem cell niche play a key part in maintaining stem cell populations and ensuring they persist into adult tissues. Cell-ECM adhesion via integrins maintains stem and progenitor cell pools in germline 39, 40 and adult epidermal niches 41 . Physical stem cell-ECM interactions also regulate the positioning of stem cells within the niche architecture and with respect to their progeny, and positioning affects fate decisions and selfrenewal in the perivascular haematopoietic stem cell niche, intestinal crypt and hair follicle 42 . Over time, the ECM helps to store biological information by maintaining stem cell positioning and providing a means to transduce transient molecular signals into more permanent architectural features of the niche. Extrinsic forces that result from macroscale movement of embryonic tissues over time are transmitted to the stem cell niche to help maintain skeletal joint progeni tors, which are required for proper joint cavitation and morphogenesis 43 . These observations have prompted the development of in vitro physical models of the stem cell niche to improve the maintenance and expansion of pluripotent stem cells.
Manipulating mechanobiology
The study of embryonic and foetal development is com plicated by the diverse ways in which physical forces and interactions affect stem cells. Engineering systems that act as an interface between materials and stem cells in vitro enable the manipulation of physical, chemical and biological parameters of the interaction. Synthetic versions of the stem cell niche have been developed to precisely investigate how mechanical forces regulate stem cell behaviour. Here, we introduce the criteria for tuning mechanical stem cell-niche interactions in materialsbased systems. We focus on techniques used in studies on mechanoregulation of stem cells and describe how these systems have been exploited to unravel biological mechanisms.
Challenges and criteria for building synthetic niches with tunable mechanics. Various synthetic niches are utilized to study how mechanical cues regulate stem cells in vitro, as their properties can be manipulated in a more predictable manner than the niche in vivo 22, [44] [45] [46] [47] [48] . These systems can be used to study how externally applied forces affect individual cells or multicellular tissue models. They also enable studies of how cell intrinsic forces regulate cell behaviour, often as feed back from the resistance to these forces provided by the niche. However, the interpretation of results obtained with these systems is challenging, and it is crucial to achieve independent control of the various physical and chemical properties of the synthetic niche.
Polystyrene is a classic cell culture model, but it is a very rigid plastic surface that adsorbs serum and cell secreted proteins in a nonspecific manner, and thus, it cannot be used to control physical or biochemical cues. Purified ECM proteins, such as collagen 49 , laminin 33 and recombinant basement membrane (Matrigel) 38 , are used as synthetic niches to provide a more defined and physiological microenvironment for in vitro studies. Alternatively, decellularization of tissues yields native extracellular matrices that may have physicochemical properties more representative of the native niche 50, 51 . However, decellularized tissues and native ECM often have poorly defined composition and may contain many different biochemical and physical cues, making it difficult to test specific hypotheses. Raising the con centration of ECM proteins in hydrogels is often used to increase the stiffness to a limited range, but it also increases the density of adhesion ligands available for cellular receptors (FIG. 3a) .
Niches fabricated using synthetic or non mammalian ECMderived polymers enable the decoupling of cell adhesion properties from gel mechanical properties. The mechanical properties of synthetic gels can be modified by altering the density of crosslinks between the polymers in the system while independently alter ing the density of cell adhesion ligands (FIG. 3b) , which are required for cellular mechanosensing 52, 53 . Many studies using 2D cell culture have been performed with polyacrylamide materials coated with ECM proteins 54 . For example, poly(2hydroxyethyl methacrylate) and polyacrylamide substrates coated with recombinant basement membrane were used to tune the elasticity of the ECM to regulate mammary gland morpho genesis in vitro 35 . Covalent coupling of peptides that bind integrin or other cell adhesion receptors can also be used to independently regulate adhesion potential and mechanics and control cell-cell and cell-ECM sig nals. The fibronectin ligand arginine-glycine-aspartate (RGD) mimics cell-ECM contacts, whereas Ncadherin ligands mimic cell-cell junctions of mesenchymal cells 22 . ECMcoated polyacrylamide materials are thus suitable for the control of mechanical stiffness; however, they are limited in their ability to mimic other impor tant aspects of in vivo stem cell niches, such as their 3D organization and their ability to be remodelled by cells.
A key goal has been the engineering of defined, synthetic niche systems with complete control of mechanical, matrix and soluble cues as an alternative to animalderived matrices for the longterm culture of functional stem cell organoids 55 . In the past decade, stiffness has been regarded as a key metric for how the matrix resists cellular traction forces to regulate stem cell fate, but these studies are typically based on an often unstated assumption that the native niche is purely elastic. However, natural matrices, such as those composed of selfassembled collagen 56 , and tissues and organs in the body, such as brain, liver, adipose tissues, coagulated bone marrow, bone fracture haematoma and cranial sutures 57 , have viscoelastic properties over vari ous timescales 47 
. Viscoelastic materials dissipate applied forces, which can dramatically alter how the niche responds and stores cellgenerated traction forces, as well as how external mechanical forces are con veyed to cells
. Therefore, the study of stem cell mechanobiology should consider both the elastic and viscoelastic mechanical properties of synthetic niches.
The interactions of stem cells with their in vivo niche can be more accurately mimicked by 3D than 2D systems. 3D systems differ in the way cells physi cally interact with their immediate environment in a Figure 3 | Material systems to study stem cell mechanobiology. When engineering a synthetic niche, alterations in the overall polymer concentration may change the density of adhesion ligands, while changing crosslinking without altering the polymer content may vary the network mesh size (spacing between crosslinks, indicated by dotted circles), which can affect how molecules diffuse through the network. a | Artificial niches fabricated from naturally derived extracellular matrix (ECM) typically manipulate stiffness by altering the concentration of the matrix proteins, which increases ligand density and decreases mesh size in parallel. b | Synthetic polymer systems can offer independent control of stiffness and ligand density by maintaining a constant polymer concentration while altering the crosslink density. However, the mesh size is altered in parallel. c | Matrices formed from alginate polymers can be crosslinked to various extents while maintaining constant ligand density and mesh size, and they thus enable independent examination of how matrix stiffness affects stem cells. (Inset) Crosslinking in this system occurs via cooperative sharing of divalent cations (red) in blocks of one type of sugar residue (G-block) on the chains, and increases in the number of crosslink sites occupied in the aligned blocks do not alter the architecture of the chains. d | Alginate polymer molecular weight (MW) can be used to control the viscoelasticity of an ionically crosslinked alginate network. Low-MW alginate forms a network with less physical entanglement and overlap of the alginate chains. High-MW alginate has higher chain entanglement and overlap (shaded blue region), which decreases the ability of the polymer network to dissipate stress. e | The low-MW network (dashed red line) is more viscous, shown by its rapid relaxation of stress while a constant strain is applied (dashed black line). The high-MW network (solid red line) dissipates stress more slowly because it contains more physical entanglement and overlap. The covalently crosslinked network (black line) is more elastic than the viscoelastic ionic crosslinked alginate, and it does not significantly dissipate stress over time. . It is challenging to control mech anical properties and changes in diffusion separately in 3D matrices because, in a chemically crosslinked network such as poly(ethylene glycol) (PEG)
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, altering the density of crosslinks also alters the material's mesh size (FIG. 3a,b) , thus affecting the diffusion of macromolecules and complicating interpretation of studies. Hydrogels fabricated from alginate enable the decoupling of changes in crosslink density (and the resulting changes in stiffness) from mesh size, ligand density and diffu sion properties 59 . Alginate is a polysaccharide that is crosslinked by cooperative binding of divalent cations by blocks of sugar residues in adjacent polymer chains, leading to no change in the arrangement of the poly mer chains as crosslinking is increased 60 (FIG. 3c) .
Moreover, the viscoelasticity of alginate systems can be tuned by the polymer molecular weight, independent of ligand density, stiffness, degradability and trans port 47, [61] [62] [63] (FIG. 3d,e) . Thus, alginate systems are suitable for analysing how these physical parameters influence stem cell mechanobiology, whereas many other sys tems have limitations as these parameters cannot be regulated independently.
Lastly, it is important to recognize that mechanotrans duction is not a oneway path on which mechanical cues affect cell behaviour, as ECM remodelling through the degradation and synthesis of matrix components has important roles in mechanotransduction 45 (FIG. 4a) .
In response to increased stiffness or loading, cells can secrete matrix components or proteases that enhance or diminish adhesive interactions, stiffen or soften the ECM and activate or inactivate downstream signalling path ways 64 . Synthetic and nonmammalianderived ECM materials can be engineered either to resist degradation or to be degraded in a controlled manner, by building in proteolytically labile crosslinks 45, 65 and/or using hydro lytically labile gels 66 , in which the impact of degradation can be probed. Moreover, stem cells can remodel the surrounding artificial matrix by applying traction forces and protruding actin structures that plastically deform a viscoelastic matrix, independently of degradation 67 (FIG. 4b,c) , as occurs during organ morphogenesis.
Several key criteria should be taken into account when engineering synthetic niches for modelling and manipulating the mechanical microenvironment of stem cells in order for these systems to provide meaningful data. Components of the synthetic niche should interact with specific cell receptors to act on welldefined mech anotransduction pathways. At the same time, it should be possible to independently control mechanical proper ties (such as stiffness, viscoelasticity, degradation, trans port and swelling) to study their effects. Not discussed in this Review, the architecture of the ECM (for example mesh size, fibre diameter and length in 3D) and topology (for example, surface roughness and patterning of adhe sion molecules) of a material system may also affect how stem cells respond to mechanical cues 68, 69 .
Applying extrinsic forces to directly probe mechano responses. Extrinsic forces can be applied to stem cells in bulk matrices that contain large numbers of cells or at the microscale on individual or small numbers of cells. The forces can be applied in a dynamic or static manner. In many in vivo tissues, cells are subject to mechanical strain cyclically, due to biological rhythms such as breathing, movement and blood flow, which provide mechanical cues that regulate development. a | The synthetic extracellular matrix (ECM) provides resistance to cell-generated forces, and in response, stem cells can actively remodel the niche by traction-mediated deformations, degradation of cleavable domains by proteases (purple segments) and production of additional ECM. The stiffness and other mechanical cues from the synthetic matrix network can trigger a self-renewal programme (blue arrow) or programmes defining distinct lineages of daughter cells (red and green arrows). b | A viscoelastic synthetic niche allows cells to remodel their surrounding matrix network (red) by applying traction forces (black arrows) on matrix ligands (green circles) that allow the cell to spread and change shape by plastically, or permanently, deforming the polymer chains. c | Conversely, a purely elastic non-degradable synthetic niche does not permit cells to plastically deform the polymer network and prevents cell spreading. 
Selfrenewal

Isometric muscle contraction
A type of force generated by muscle while maintaining constant muscle length and joint angle.
Convective flow
Fluid flow that transfers mass and/or heat down a fluid pressure gradient.
Microfluidics
The precise control of fluid shear forces and flow rates in micro-scale geometries, such as micro-channels.
Static forces often result in loading of the axial skele ton or isometric muscle contraction. In synthetic sys tems, it is easier to apply cyclic or static strain to cells on 2D substrates 70 . Compressive or tensile loads can also be applied to bulk 3D material systems by use of mechanical loading devices or hydrostatic pressure 71 , but loading can induce convective flow in the system, potentially altering nutrient availability and thus affect ing cell viability or function. External loads can also be applied by acoustic waves, mechanical vibrations and microbubble cavitation, among others (Supplementary information S2 (box)) [72] [73] [74] . Elucidation of cellular mechanotransduction path ways may require precise control of extrinsic mechanical cues at the interface with individual or small collections of cells, which can be achieved using microscale probes such as micropipette aspiration 75 or magnetic devices such as twisting cytometry (Supplementary informa tion S2 (box)) 76 . Magnetic probes can generate localized and repeatable extrinsic forces on the cortex of individ ual cells in a highthroughput and scalable manner 77 . Microfluidics can be used to deform single cells by exten sional flow to measure their mechanical properties in a cytometer 78 . Microscale technologies can also apply cyclic stretches on cells to mimic biological rhythms such as movement, breathing and blood flow. For example, a microfabricated device has been developed to mimic lung alveolar form and function by culturing a layer of epithelial cells in contact with air on one side of a porous elastic material and fluid on the other and applying controlled cyclic strain to the cells. This system can model lung disease and drug toxicity 79 . External forces can also be combined with micro scale measurement and/or control of cellgenerated forces. For example, polymer micropillars on a planar substrate 80 can be used to measure cytoskeletal tension and focal adhesion dynamics under equiaxial static stretch 81 . Mechanical tension in cells can be stimulated by photoactuation with thermally responsive micro pillars 82 . Furthermore, microscale technologies can tune spatial cues to show how cell shape and spreading area are linked to how the cells respond to mechanics 83, 84 . These technologies offer the possibility to control multi ple modes of external mechanical loading on stem cells. Further understanding of stem cell behaviour could be achieved by combining these technologies with sophis ticated biological readouts (for example, singlecell and nextgeneration sequencing and highly multiplexed mass spectrometry), advances in synthetic biology and gene editing with CRISPR to precisely control gene expression in mammalian cells, as well as advances in soft robotic systems that closely mimic the physical properties of the native ECM 85 .
Stem cells respond to forces
Stem cells respond to mechanical cues and properties of their physical niche through mechanosensing and mechanotransduction, which affects proliferation, self renewal and differentiation into specific cell fates, as well as their selfassembly and organization (Supplementary  information S3 (table) ).
Principles of mechanosensing and mechanotrans duction in stem cells. Stem cells sense their mechanical environment through cell-cell and cell-ECM adhe sion, mechanosensitive ion channels and their primary cilium 81, 86, 87 (FIG. 1a) . Several classical pathways trans duce physical cues to biochemical signals, although it is important to note that mechanotransduction can function differently depending on context and cell type. Integrin receptors bind to ECM ligands such as RGD, which activates focal adhesion kinase (FAK) (FIG. 1b) , an important regulator of cell adhesion. In response to mechanical perturbations, mechanical homeostasis in stem cells is maintained by modifying focal adhesion ligand affinity, by regulating focal adhesion assem bly and disassembly and by regulating the underlying cytoskeleton and actomyosin contractility 81 . These adhesion complexes and interacting cytoskeletal com ponents activate mechanoresponsive signalling, such as transforming protein RHOA and MAPK, leading to the activation of downstream effectors of mechano transduction pathways, such as megakaryocytic acute leukaemia (MAL; also known as MRTFA and MKL1), which acts as a Gactinbinding coactivator of serum response factor (SRF) 88, 89 , Yesassociated protein (YAP) and transcriptional coactivator with PDZbinding motif (TAZ) 90 (FIG. 1b) . Moreover, the cytoskeleton is associated with nuclear structures, linking the physical properties of cells to gene expression. Cytoskeletal forces are transmitted to the nucleus by lamin A/C (LMNA), a component of the nuclear lamina (FIG. 1b) , altering chromatin structure, for example, inducing stretch ing and opening, which regulates transcription factor accessibil ity 76 . LMNA expression and assembly of the nuclear lamina increase with tissue stiffness 75 . Extrinsic forces may also directly upregulate transcription by deforming the nucleus 91 . Neural stem cells respond to cell membrane tension through the mechanically gated calcium ion channel Piezotype mechanosensitive ion channel component 1 (PIEZO1) 86 . Moreover, primary cilia have important roles in mechanoregulation in adult tissues by engaging the cytoskeleton to activate signal ling pathways that promote the differentiation of stem cells in response to mechanical cues 87, 92 .
Mechanoregulation of selfrenewal and proliferation.
The mechanical properties of cell adhesion substrates regulate stem cell selfrenewal in culture, which is con sistent with observations in developmental studies. While developmental studies have primarily examined the role of adhesion receptors, synthetic niche systems are also used to examine how the mechanical properties of the environment regulate stem cell behaviour. For example, increased stiffness of tropoelastin substrates increased haematopoietic stem and progenitor cell expansion, which, interestingly, was dependent on the structure and contractility of the cytoskeleton but was independent of integrin signalling 93 . Similarly, the stiffness of electro spun substrates controlled induced pluripotent stem (iPS) cell proliferation 94 . In adult and neonatal cardio myocytes, compliant elastic matrices increased clonal expansion by suppressing maturation and promoting dedifferentiation, modifying the sarcomere network and promoting cell division 95 . Synthetic niche systems have been used to examine how ECM proteins in fibrillar structures, as opposed to homogeneous and nonfibrillar matrices, can differen tially regulate stem cells. Decreasing fibrillar stiffness improved stem cell proliferation by enhancing traction forces and ligand clustering, independent of the over all substrate mechanical properties 96 . Extrinsic forces also regulate stem cell proliferation and selfrenewal. Mechanical strain applied to ES cells on 2D elastomeric substrates coated with recombinant basement mem brane increased their selfrenewal and reduced differ entiation 97 . However, these 2D systems do not mimic the environment of the developing embryo.
Bonemarrowderived mesenchymal stem cells (MSCs) are a useful model to study stem cell mechano biology, as they are postnatal cells that can be isolated from adult tissues. MSCs can differentiate into multi ple lineages, giving rise to tissues with a wide range of mechanical properties, including rigid bone and car tilage and soft fat and marrow stroma 54 . Uniaxial stretch of MSCs upregulated the WNT-βcatenin pathway, suggesting that mechanical strain promotes prolifer ation 98 . However, further work is required to determine the magnitude and mode of strain that supports MSC proliferation. Exploiting mechanical cues to maintain and expand stem cell populations in culture is poten tially important for scaling up the production of cells for therapeutic applications such as transplantation.
Mechanoregulation of stem cell fate in synthetic niches.
Intrinsic mechanical signals play an important part in the generation of microtissues from ES and iPS cells. The differentiation state of microtissues derived from ES cells increases with the stiffness and viscosity of the cell aggregate, which is regulated by actomyosin con tractility 99 . Soft collagencoated polyacrylamide 2D substrates that matched the intrinsic softness of ES cells maintained their pluripotency 100 , whereas local ized stresses externally applied to the surface of ES cells by RGD ligandcoated magnetic beads induced ES cell spreading and differentiation 101 . The responses were corre lated with the intrinsic softness of the cell 101 , probably by regulating actomyosin contractility.
The spatial orientation of ES cell microtissues guides the formation of embryonic germ layers, which is mediated by cell-cell contact and cortex contractility that transmits forces in the cell layers 102 . 3D scaffolds that encapsulate ES cellderived embryoid structures tune cell fate and germ layer specification by enabling the manipulation of cellgenerated forces 103 . By mimicking the soft biophysical architecture of embryoid bodies early in development, artificial niches were used to guide iPS cell selforganization to promote amniogenesis in a BMP-SMADdependent manner 104 . Moreover, a soft micropillar substrate system was used to regulate the Hippo pathway in iPS cells to promote neural induc tion, similar to what is observed in embryonic develop ment during neural plate specification and A-P axis formation during neurulation 105 .
Defined mechanical and biochemical cues of syn thetic niches can also facilitate the reprogramming of somatic cells into iPS cells, as indicated by the ability of soft ECM with a particular composition to regulate mesenchymaltoepithelial transition and epigenetic remodelling to enhance reprogramming 106 . It remains to be determined specifically how viscoelastic proper ties regulate in vitro generation of microtissues from stem cells, although these properties are likely to have a prominent role. Recent work showed expansion of stem cells and development of structures in a synthetic PEG system with reversible crosslinks that are expected to impart viscoelasticity, although the mechanics were not yet characterized 107 .
Mechanical cues regulate the fate of stem and progeni tor cells isolated from adult tissues. Many studies demon strate that the differentiation of MSCs derived from adipose or bone marrow tissue is regulated by the elas ticity of their matrix 44, 54 , and MSCs appear to switch to the fate of cells whose native ECM is most closely matched to the elasticity of the substrate or matrix -that is, stiffer substrates promote osteogenic differentiation, while softer substrates induce fat or neuronal differenti ation 54 . Hydrogel macroscale mechanics directly contribute to differentiation fate, which is jointly regulated by the speci fic ECM proteins or immobilized ligands utilized for adhesion 52 . Ncadherin ligands that mimic cell-cell adhe sive junctions of MSCs increased the mechanical thresh old for YAP and TAZ signalling (FIG. 1b) and reduced actomyosin contractility compared with only RGD ligands that mimic cell-ECM adhesion 22 . In other cell types, substrates that match the soft mechanics of bone marrow promoted the differentiation of megakaryo cytes and generation of proplatelets 108 . Neural stem cells were directed towards neuronal differentiation in soft condi tions, and glial cells in stiffer conditions 109 . These find ings have been extended to 3D systems, and the use of alginatebased systems demonstrated that MSC fate in 3D was controlled independently by stiffness while diffusion and overall gel architecture were held con stant 44 . The development of artificial 3D ECMs has also revealed that mechanical and matrix factors contribute to the programming of adult stem cells in organoids 55 . Highly stiff synthetic hydrogels increased the expansion of adult intestinal stem cells in a YAPdependent manner, while low matrix stiffness promoted cell differentiation and intestinal organoid formation. The spatial proper ties and heterogeneities of the stem cell niche affect how stem cells transduce mechanical cues into changes of cell fate, as more random, less ordered mechanical cues sup pressed markers of MSC differentiation and maintained stem cell lineage markers compared with a more ordered structure 110 . Furthermore, MSCs may be more responsive to mechanical gradients of stiffness, which can be estab lished by varying the level of crosslinking along a spatial axis, than to stiffness alone [111] [112] [113] . The effect of mechanics on cell fate appears to be regulated in a cellintrinsic manner by YAP-TAZ sig nalling, which allows cells to store information from past physical environments to influence cell fate and
Substrate creep
The deformation, or flow, of a material during a constant application of stress.
Stress stiffening
The mechanical stiffening of a polymer network with increasing strain.
Sarcomere
A fundamental active unit in skeletal muscle that generates force from overlapping striations of actin and myosin.
suggests that they possess a mechanical memory 114 . Retention of mechanical history in MSCs is regulated by miR21 levels (FIG. 1b) , which gradually increased during priming on stiff substrates to promote their fibrogenic programme 115 . MSCs may also integrate the mechani cal properties over time, as earlier stiffening induced more osteogenic differentiation than later stiffening in a dynamic system 116 . In addition to stiffness, or elasticity, the ability of the ECM to flow and dissipate stress, or viscoelas ti city
, can regulate the spreading behaviour and differentiation of MSCs through traction forces in a cellintrinsic manner 47, 117 . Matrices that rapidly relax an applied stress can enhance osteogenic differentiation and matrix production by MSCs. Additionally, substrate creep and stress stiffening (BOX 2) affect MSC differ enti ation 48, 118 . Unlike purely elastic systems, physical environ ments that exhibit viscoelastic behaviour enable cells to reversibly change their shape and volume in response to cues (FIG. 4b,c) . Changes in cell volume may be partially responsible for the impact of mechanics on stem cell fate. These findings are consistent with the role of mechanics in regulating signalling over space and time and with the dependence of cells on reorganization and/or dissipation of energy in the matrix.
Externally applied forces can also regulate the fate of adult stem cells, although the precise mechanotrans duction pathways are often unclear. Articular and verte bral cartilage are subject to loading from movement and forces transmitted through the axial skeleton, and syn thetic niche systems are used to investigate how external forces, such as hydrostatic pressure, promote chondro genesis and matrix production of stem cells in vitro 119 . Mechanoregulation of chondrogenesis also appears to be coupled to the rate dependence and time dependence of loading. Dynamic compression of MSCs by cyclic compressive strain (10%, 1 Hz) increased the activity of downstream TGFβ1 signalling involving the SMAD2 and SMAD3 pathways and promoted chondrogene sis 120 . The axial skeleton is also subject to external loading, and mechanical stimulation by cyclic stretching, which induces Notch signalling, has been found to promote osteogenic differentiation of MSCs and to suppress his tone deacetylase expression, providing an additional potential mechanism for regulation of mechano trans duction in MSCs 121 . Furthermore, fluid shear stress enhanced the osteogenic potential of MSCs 122, 123 . However, it is important to note that hydrogels may dissipate stress; therefore, less force may be transmit ted to encapsulated cells than believed, and cytoskeletal changes in response to external stimuli may change how mechanical input is perceived by the cell. Further stud ies are required to determine how these external cues are sensed by stem cells and transduced into mechano responses. These challenges could possibly be addressed by integrating traction force micro scopy with macro scale mechanical stimuli, allowing the observation of cytoskeletal dynamics in response to external loading, or by using mechanically sensitive molecular probes to measure ligand-receptor interactions in response to macroscale loading.
Applications in regenerative medicine
Regenerative medicine aims to treat injuries or disease with therapies that repair or replace organ or tissue func tion. Many approaches focus on the use of endogenous or transplanted stem cells, and controlling cell fate stability is likely key to successful regeneration. Following sys temic or local transplantation, stem cells often lose viabil ity or regenerative potential or are cleared, as in the lungs, liver and spleen. Safety concerns are paramount with the use of pluripotent cells, highlighting the importance of controlling their localization and fate in vivo.
Exploiting cellintrinsic forces to improve tissue regener ation. Synthetic matrices with defined mechani cal proper ties and biophysical properties are used to prime stem cells ex vivo before transplantation to improve their capacity for regeneration, as well as to control their behaviour in vivo following transplantation (FIG. 5a,b) . Priming haematopoietic stem and progenitor cells with materials of specific mechanical properties can increase their yield following transplantation and enhance recon stitution 93, 124 . Hydrogel substrates (2D PEG substrate coated with laminin) with a stiffness value that mimicked that of muscle promoted selfrenewal of muscle stem cells and increased their regenerative capacity when trans planted 125 . Substrate stiffness may also affect how stem cells regulate immune responses, such as by modifying the secretory profile of MSCs 126 . Soft elastic materials in 2D, composed of fibronectincoated polyacrylamide, induced reactive oxygen species signalling in human bone marrow MSCs, whose conditioned media was shown to improve wound healing in vivo 127 . In vivo, soft alginatebased scaffolds with matrix metalloproteinase (MMP)cleavable domains improved MSC invasion into host tissue in mouse models compared with a stiffer material, and matrix production at the delivery site was significantly enhanced 65 . In engineering 3D human car diac tissues, enhanced sarcomere organization and con tractile function resulted from the use of a chemically crosslinked gelatin-PEG material with stiffness similar to that of native cardiac tissue that facilitated the ability of cells to establish cell-cell adhesions 128 . Gelatin degrad ation over time was likely important to these effects, as chemical crosslinking of PEG and gelatin initially leads to a purely elastic material that would not otherwise allow cells to selforganize or remodel the matrix. Synthetic niches can improve MSC transplantation for bone tissue repair by tuning stiffness to direct cell fate, as well as pro gramming porosity to facilitate host integration, by using a viscoelastic alginate system 129 (FIG. 5a) . Microfluidic platforms can form synthetic niches on the singlecell level with specified stiffness to improve the distribution and paracrine function of MSCs after transplantation into the systemic circulation of animals 130 . An alginate matrix with rapid relaxation has been shown to improve bone regeneration compared with more slowly relax ing hydrogels, even in the absence of stem cell delivery, presumably by promoting osteoblast differentiation and matrix remodelling 131 . Similarly, an appropriate combin ation of the chemical and physical properties of a material can regulate stem cell migration into a site of injury and can be used to support rapid cutaneous tissue regener ation 132 . The challenge of controlling stem cell fate and morphogenesis after transplantation may be addressed by harnessing the potential for organogenesis in vitro. Mechanical cues have been shown to promote organo genesis 55 , and synthetic niches may thus be able to gener ate organoid tissues in vitro for subsequent repair or replacement of damaged organs in vivo (FIG. 5c) .
Mechanically loading cells and tissues to improve tissue regeneration. It has long been known that external mechanical forces regulate responses to injury. Mechani cal unloading of bone in microgravity favours mainten ance and expansion of mesenchymal and haemato poietic stem cells in bone marrow while limiting their differenti ation 133 , and disuse atrophy is observed in skeletal muscle. Current clinical practices regularly exploit active mechani cal cues to drive tissue remodelling and regeneration. Distraction osteogenesis, which applies external strain on segments of bone, has been widely used clinically to promote bone formation 134 . Orthopaedic implants have been designed to minimize strain shielding at a fracture site in order to promote strainmediated effects on bone remodelling and regeneration 135 . A recent clinical trial showed that lowmagnitude, highfrequency mechanical stimulation in paediatric cancer survivors with low bone mineral density was safe and efficacious in enhancing peak bone mass during youth 136 . In dentistry, orthodontic tooth movement is achieved by stressing the periodontal ligament to induce tissue remodelling 137 .
Success to date in the clinic with selected tissues generates the question of whether mechanical therapies can be extended to other disease and tissue contexts, such as muscle, and motivates the development of new therapies that exploit stem cell mechanobiology with actuating rigid or soft materials. Cyclic external strain has been used to precondition muscle stem cells in 3D, animalderived matrices before implantation, and it improved the function of subsequently regenerated muscle in mouse models 138, 139 (FIG. 5a,b) . However, it is not clear precisely how strain affects cells in these systems, as the mechanics and composition of these materials are variable and not completely controlled. Alternatively, muscle can also be directly stimulated in vivo with externally applied forces to promote healing and reduce inflammatory injury (FIG. 5d) . Applying forces to muscle during massage reduced inflammatory injury caused by exercise by activating FAK and ERK1 and ERK2 path ways (FIG. 1b) , which increase mitochondrial biogenesis and inhibit nuclear translocation of nuclear factorκB (p65) 140 . Repeated forces applied via soft robotic devices were found to promote skeletal muscle regeneration in animals following severe injury, and they reduced fibrosis and inflammation 141 . However, it remains to be shown clinically whether and how external stimulation affects stem cells in muscle. An important goal of future work is to connect clin ical data with preclinical findings relating mechanical stimuli and cell responses.
Conclusions and perspectives
Biological tissues are composed of materials, which trans mit forces and exhibit diverse mechanical properties, and cells, which generate and are subject to physical forces. These mechanical properties and forces regulate stem cell function and guide developmental processes and tissue repair. As it is possible to independently manipu late specific biophysical properties of synthetic matrices, these systems are advancing our understanding of the principles and molecular mechanisms of mechano transduction in stem cells and are leading to technologies to guide stem cell fate. However, care must be taken when comparing results from different studies, as parameters such as dimensionality, chemistry, viscoelastic proper ties, degrad ability and diffusional transport may vary substantially. Moreover, reported values of mechanical para meters can be biased by the measurement tech nique
. Lastly, many research groups may not have access to these synthetic systems owing to their limited commercial avail ability; therefore, a need exists for standardized and more easily accessible model systems.
Stem cell transplantation has previously been limited by a lack of control over distribution and loss of cell via bility, and while biomaterials can address some of these challenges 130 , future efforts should exploit mechanics to control posttransplant cell fate. Beyond regener ation, material systems that control the physical and bio chemical microenvironment of individual cells open up exciting opportunities in stem cell research. For example, they may be valuable in building humanbased in vitro models of organs and disease. New chemistries are being discovered to expand the limited repertoire of Figure 5 | Tissue regeneration can be improved by exploiting stem cell mechanobiology. a | Stem cells can be transplanted on or in synthetic matrices with defined mechanical properties, such as stiffness and viscoelasticity, that promote proliferation and/or a particular stem cell fate; in this example, stem cells are programmed by the matrix to enhance bone repair in the mandible. b | Stem cells can be pre-conditioned for a period of time (Δt) with mechanical cues, either by culturing on or in matrices with specific stiffness or viscoelasticity or by applying external forces (F e ) of a desired strain and rate to the substrate, before collection of cells for localized (for example, skeletal muscle site) or systemic delivery. c | Mechanical cues of stiffness and viscoelasticity can also be used in vitro to mimic embryonic development by driving stem cells to undergo self-organization, differentiation and morphogenesis into organoid tissues over time (Δt), which could then be subsequently transplanted for organ repair or replacement -in this example, repair of the colon. d | Direct application of external forces can be utilized to improve regeneration by endogenous stem cells -in this example, stem cells in injured skeletal muscle tissue. Both the absolute magnitude of strain and the rate of application may regulate the regenerative process. F i , intrinsic forces. materials for stem cell culture by using screening tech niques adapted from the microfabrication industry 142 . Finally, additive manufacturing can fabricate devices and material systems from computeraided designs that mimic organlevel physiology and disease 143 . Mechanical cues are likely involved in many other processes in biology and disease, and the advances to date in the stem cell field may find broad application in these areas as well. For example, fibrosis and cancer feature changes in the physical interactions between cells and their matrix. Fibrosis is involved in many disease processes, but it is unclear how mechanical interactions of cells and their niche regulate initiation and develop ment of disease. While mechanics has been implicated in the initiation and progression of malignant lesions 144 , studies are just now demonstrating how intrinsic or extrinsic forces and the tumour microenvironment regulate tumour rejection or resistance to therapies 145 and how mechanical forces are involved in oncogenic signalling pathways 146 . Future work will bridge the gap between basic research in mechanobiology and improved therapies for patients.
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